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Fermionic Zy X Zy orbifolds

‘Phenomenology of the Standard Model and Unification’
e Minimal Superstring Standard Model ~ NPB 335 (1990) 347

(with Nanopoulos & Yuan)

e Top quark mass ~ 175-180GeV PLB 274 (1992) 47

e Generation mass hierarchy
e CKM mixing

e Stringy seesaw mechanism
e Gauge coupling unification
e Proton stability

e Squark degeneracy

e Moduli fixing

e Classification
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Point, String, Membrane ....

11D - supergravity

SO(32) heterotic
Type 1IB

E8x E8 heterotic

Type |

+ ... SO(16)xSO(16), E8, SO(16)XES +



Free Fermionic Construction

Left-Movers: wﬁz, Xi, Y, w; (1=1,---,06)
Right-Movers
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Models «— Basis vectors +  one—loop phases



Classification of fermionic Zs X Z5 orbifolds (Modern School )

Basis vectors:

1 = ot b gl L6 | glif L6 5123 (715 gl 8

= {yh X0,
o = {obt),
2y = {(55,...,8}7
= {y", gt 'Y, i=1,...,6, N = 4 Vacua
_ {X347X5679347y56 §34 56 —1 wl, . } N=4—N=29
_ {X127X 7y127y56 g12 —567772 ¢1, . } N=92_N=1
a = {2, ¢h%) & SO(10) — SO(6) x SO(4) x

8= {pto=1.3 & SO(10) — SU((5B) x U(1) x
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Spinor—vector duality:

Invariance under exchange of #(16 + 16) < — > #(10)

0 2 4 6 8 10 12 14 16 18 20 22 24

24| 124
22} 122
20} 120
18/ | 118
16r l 0 | 116
14| 114
12} 112
10/ 110
8 18
6 16
4 14
2| 12
ol 10

0 2 4 6 8 10 12 14 16 18 20 22 24

Symmetric under exchange of rows and columns

b 27 =160+ 10+ 1 27 =16+ 10+ 1
Self-dual: #(16 + 16) = #(10) without E symmetry



Spinor-Vector duality in Orbifolds:

Starting from: 74 = (Vg — Sy) Z/\m,n Ey x Eg,

apply 4y X Zé g X ¢
g : (07,1]1,0") — Wilson line — Egx Es — SO(16) x SO(16)
g/ : (3747:657:867:6775687:69) - <_$47 —$5,—$6,—$7,+$8,+$9)

Note: A single space twisting Zé = N=4—N=2

E7 — 50(12) X SU(Q)



Analyze
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Further :

e From the “Land” to the “"Swamp” w Groot—Nibellink & Hurtado-Heredia,

arXiv:2103.13442, spinor—vector duality on a resolved orbifold. The role

of the discrete torsion in the effective field theory limit

e Vafa—\Witten 1994, the role of a discrete torsion in the Zy X Zo orbifold

In mirror symmetry

e In similar spirit — the imprint of the worldsheet modular properties in

the effective field theory limit



Low scale Z/ in free fermionic models:

¢ 5U(1)p_1 —2U(1)g € SO(10) @ 1TeV MPL A6 (1991) 61
(with Nanopoulos)

e But my =my_& 1TeV Z' = my_ =~ 10MeV  PLB 245 (1990) 435

Fg — SO(10) x U(1)4 == U(1)4 is anomalous!

— U(l)y ¢ lowscale U(1)
e 1996-2013, Pati, AEF, Guzzi, Mehta, Athanasopoulos, U(1) ¢ Ej
e On the other hand ....(AEF, Viraf Mehta, PRD88 (2013) 025000)
sin? Oy (My) , as(My) = U(l)y € Fg

e 7' string derived model, (with Rizos) NPB 895 (2015) 233
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light Z' heterotic—string model c[
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Observable gauge group: SO(6) x SO(4) x U(1)1 2.3

U(1)e =U(1)1+U(1)2+ U(1)3 is anomaly free



sector field SUM) x SUQ2), xSU2)g | UML), | UML), | U); || UQ)¢
S + b1 Fir (4,1,2) 1/2 0 0 1/2
S+ b1 + ez +es Fir (4,1,2) 1/2 0 0 1/2
S + by Fir (4,2,1) 0 1/2 0 1/2
S+ by+e1 +e2+es F2L (4,2,1) 0 1/2 0 1/2
S+by+er For (4,1,2) 0 1/2 0 1/2
S +bo +e2+es Fsp (4,1,2) 0 1/2 0 1/2
S+ b3 +e1 +e2 Fsp, (4,2,1) 0 0 1/2 1/2
S+ b3 +eo Fur (4,1,2) 0 0 1/2 1/2
S+bs + h1 (1,2,2) -1/2 | —1/2 0 -1
S+ b2 +x+ es ha (1,2,2) -1/2 0 -1/2 -1
S+by+x+e1 +e2 hs (1,2,2) —1/2 0 —1/2 —1
S+bs+x+er Dy (6,1,1) -1/2 | —1/2 0 -1
Xt (1,1,1) 1/2 1/2 1 +2
X1 (1,1,1) 1/2 1/2 -1 0
Caya=2,3 (1,1,1) 1/2 | —1/2 0 0
Caya=2,3 (1,1,1) -1/2 1/2 0 0
S+ba+z+er+es Ds (6,1,1) -1/2 0 -1/2 -1
X3 (1,1,1) 1/2 1 1/2 +2
Xa (1,1,1) 1/2 -1 1/2 0
Caya=4,5 (1,1,1) 1/2 0 -1/2 0
Caya=4,5 (1,1,1) -1/2 0 1/2 0
S+b2+x+ e D¢ (6,1,1) -1/2 0 —1/2 -1
x4 (1,1,1) 1/2 1 1/2 +2
X3 (1,1,1) 1/2 -1 1/2 0
Caya=86,7 (1,1,1) 1/2 0 -1/2 0
Caya=6,7 (1,1,1) —1/2 0 1/2 0
S+b1+x+es D¢ (6,1,1) 0 1/2 1/2 +1
xr (1,1,1) -1 -1/2 | —1/2 -2
X1 (1,1,1) 1 -1/2 | —1/2 0
Caya=8,9 (1,1,1) 0 1/2 | —1/2 0
Cara =8,9 (1,1,1) 0 -1/2 1/2 0
S+b1+x+es Dy (6,1,1) 0 —1/2 | —1/2 -1
xa (1,1,1) 1 1/2 1/2 +2
X5 (1,1,1) -1 1/2 1/2 0
Caya = 10,11 (1,1,1) 0 1/2 | —1/2 0
Caya = 10,11 (1,1,1) 0 -1/2 1/2 0
S+bs+x+ex+es (1 (1,1,1) 1/2 —1/2 0 0
G (1,1,1) -1/2 1/2 0 0
S+bi+x+e3+eq+eg d)l (1,1,1) 0 1/2 1/2 +1
o1 (1,1,1) 0 —1/2 | —1/2 -1
S+bi+x+eq4+e5+eg d)z (1,1,1) 0 1/2 1/2 +1
o2 (1,1,1) 0 -1/2 | —1/2 -1

Table 1: Observable twisted matter spectrum and SU(4) x SU(2), x SU(2), x U(1)* quantum numbers.




/' model at low scales  Heavy Higgs (N) ~ Mgy, —  high seesaw —

Field | SU(3)c xSU2)L | Uy | U1),
A > [ [
W | 3 Lo f |
s 3 1 +3 | -3
et 1 1 +1 | -2
Lt 1 2 —1 ~1
D' 3 1 -1 | +%
D 3 1 +3 | +8
H' 1 2 -1 | +¢
H 1 2 +3 | +3
St 1 1 0 | —2
h ! 2 [ -3 |3
h 1 2 +3 | +3
¢ 1 1 0 | -1
¢ 1 1 0 +1
¢ | 1 1 [ o] o |

Additional matter states at U(1), breaking scale




NON-SUSY String Phenomenology:
Starting with: ZilE)d = (Vg — Sg) (516 + 516) (616 + §16) :
using the level-one SO(2n) characters

g 9” 5,
02”—%(—3 ) Vi = (-1

2 o1
1 : 1 : 1
S =b (Gt ) =t ().
where
0 1 1
0, = 2 0, =2 0o = 7 =7
=afy) n=n()) e=a() a=z()
Apply g = (—1)F+F21+FZ2
Ziog = [ V&(016016+ S16S16) — Ss (016516 + S16016)

+ O3 (C16V16+Vi6Ci6) — Cs (C16C 16+ VieV16) ] -




In fermionic language: { 1,21 ,29 }

where 21 = {zﬁl"" 75,7?1’2’3} L 29 = {qgl"" ’8} = S=1+4+2z1+2

c(l)=41 = EsxEg ; ¢(}}))=-1 = SO(16) x SO(16)

22 22
non-SUSY string phenomenology

Alternatively: Apply g = (—1)F+F21

Ziog = (VO16— 58516+ O3V 15 — C3C16) (O16+ S1s) -

08716616 —> tachyon

In fermionic language: { 1, 2 } —> No S




Tachyon free models: S «—— S—map

Modified NAHE «—— NAHE

w/l Xl? X34 X56 y3 ..... 6 gB,...,()' yl 2 BE 6 §1,2 0° 6 wl ..... 4 (Dl ..... 4 wl ..... 5} 771 ﬁQ 77}3 ¢1 ..... 8

1|1 1 1 1 71,...,1 1,...,1] 1,..1 1.,1 1.1 1,.141,.,1/1 1 11,111,111,

Sl1 1 1 110,..,0 0,..,0] 0,..,0 g,...0 }0,.., 0,.0}{0..00 0 0/1,11,1,00,0,0

by | 1| 1 0 o|1,..,1 1,..,1] 0,...,0 ¢,...0 (0,..0 0,...0/1,...,11 0 0]0,00,0,0,0,0,0

by | 1 | O 1 0 0..0 0,..0 1,...,1 1,..,1 0,..,0 O0..01,.,170 1 00,0000,00,0

bs| 1 | O 0 110..0 0,..,0| 0,...,0 ¢,..0 (1,..,1 1,...1}1,..,1,0 O 1}0,00,0,0,00,0

Beyond the NAHE—set

wu X12 X34 X56 y3y6 y4g4 y5g5 g3g6 y1w5 y2g2 WGC(_)G g1@5 w2w4 wl(Dl w3@3 @2@4 1;1 ..... 5 771 772 773 ¢
alofo o ol1 0 o 1] 0 0o 1 1] 0 0 1 1 | 11100 |1 0 0| 000
61 01] 0 0 0 0 O 1 1 1 0 O 1 0 1 1 11100 0 1 0 110
111 1 1 1 1 1 1
ylolo o olo 1 0 0] 0 1 0 0| 1 0 0 [Lli1 1 |1 1 1)ggl

Up to the S «— S—map
Same model as published with

with Cleaver, Manno and Timirgazi in PRD78 (2008) 046009

Stable non—-SUSY heterotic—string vacuum?



Toward Classification of tachyon free models

Basis vectors:

{wll’L’X??’y??

G = Ly | g

2 = {él,...,il}7
29 = {$5,...,8}7
_ {X347 56’y34 y56
= {xxh yte yt

L6 | b b 5123 Jleb gl,...8)

|3

1,...,0, N =4 Vacua
g34 56 —1 wl...,f)}’ N=4-—N-=29
12,50 2 L5y N9y N—1

with Viktor Matyas and Ben Percival, NPB 961 (2020) 115231; 2011.04113



Partition functions and the cosmological constant

Full Partition Function for Free Fermionic models:

Tor = L_ZBZF

e Fermionic contribution:

e Bososnic : /B = T

= A

from spacetime Bosons.

Integral over the inequivalent tori



Evaluated using g = €2™7 expansion

y

dry — analytic
7 = Zamn / \

F 7'2 \d’TQ — NUIMEric

g — expansion of Z

00 if m+n<0Am-—nd¢Z\{0}

Finite Otherwise.

[mn —

e On-Shell Tachyons cause divergence

e Off-Shell Tachyons allowed (necessary)

Modular invariance — m — n € Z.



Allowed states

[0 0 a 11 0 0 0 a,;
2 2 2
0 0 0 a11 0 0 0

4 4
an—1 0 0 0 apg O O
0 a1 3 0 0 0 a1 O

A, = 171 11

0 0 a1 1 0 0 0 a1
2 2 22
0 0 0 a3 1 0 0 O

4 4
aj—1 0 0 0 ajp 0 O
\ 0 0 0 0 0

Coefficients a;yp = Ny — Nf at specific mass level.

For SUSY Theories ay,p, = 0 Vm, n

DO —

H=| QO




Some interesting results

Distribution of A
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Distribution of aqg
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Conclusions

o DATA —  UNIFICATION
e STRINGS THEORY —  GAUGE & GRAVITY UNIFICATION

e STRINGS PHENOMENOLOGY — AT ITS INFANCY

e Moduli spaces of (2,0) string compactifications

— from the “land” to the “swamp”
e String derived Z’ at LHCb
e Non—-SUSY string phenomenology -« -« ---

e String Phenomenology ——  Physics of the third millennium

e.g. Aristarchus to Copernicus



